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ABSTRACT
Vortex shedding from a stationary cylinder and transversely
oscillating circular cylinder in a uniform ﬂow at a Reynolds num-
ber of 5500 is numerically studied by three-dimensional Large
Eddy Simulation (LES). The ﬁltered equations are discretised us-
ing the ﬁnite volume method with an O-type structured grid and
a second-order accurate method in both time and space. Firstly,
the main wake parameters of a stationary cylinder are exam-
ined and compared for different grid resolutions. Secondly, a
transversely oscillating cylinder with a constant amplitude in a
uniform ﬂow is investigated. The cylinder oscillation frequency
ranges between 0.75 and 0.95 of the natural K´ arm´ an frequency,
and the excitation amplitude is 50% of the cylinder diameter.
Comparisons with the available experimental data indicate that
the present study has properly predicted the ﬂow statistics of the
cylinderwakeforboththeﬁxedandoscillatingcylindercase, and
numericallycapturedthevortexswitchingphenomenon, whichis
characterized by changes in forces and wake mode of shedding
observed in the previous experiments at high values of Reynolds
number.
INTRODUCTION
As the oil and gas ﬁeld development activities have moved
into deeper waters and areas of stronger ocean currents such as
theGulfofMexico, theimportanceofvortexsheddingonslender
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structures becomes more critical as there might result in serious
engineering problems such as fatigue failure on offshore risers
or clashing with each other. Therefore, the problem of a circular
cylinder oscillating in the ﬂuid has received a great deal of atten-
tion and the prediction of the ﬂuid forces on a circular cylinder
such as an offshore riser and subsea pipeline is of the primary
tasks in the design of the structures. While the experimental and
numerical studies of the ﬂow around a circular cylinder has been
the centre of various investigations over many years, it still re-
mains a challenging task due to the complexity of the ﬂow in the
wake.
Several previous controlled or forced vibration studies ex-
ist in the literatures. [1] ﬁrstly investigated experimentally the
forces exerted on a cylinder in a controlled oscillation over a
wide range of frequencies and oscillation amplitudes. Their ex-
periments showed that there was an abrupt change in the phase
angle jump between the lift force and the cylinder motion when
the frequency of oscillation is varied around the natural shedding
frequency, which is called the synchronization condition.
A particular focus of the experiments on the controlled os-
cillating cylinder has been on the near wake with emphasis on
excitation near synchronization. [2] performed experiments us-
ing the hydrogen bubble technique to study the timing of vortex
shedding. [3] also conducted particle-imaging study of this tim-
ing problem at Re=185 and 5000. They found that some abrupt
changes in ﬂow topology and the phase between lift force and
cylinder motion can be explained by a change of the timing of the
vortices being shed. As the excitation frequency (fe) increased
perasmallamplitude(A)andagivenReynoldsnumber, thewake
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 2013 by ASMEvorticity moved closer to the cylinder, eventually reaching a lim-
iting position and resulted in an abrupt switch of the vorticity
concentration to the opposite side of the cylinder. This switch-
ing phenomenon occurred at both Re=185 and Re=5000 where
small-scale Kelvin-Helmholtz (KH) vortices coexist with large-
scale K´ arm´ an vortices.
In previous studies, the amplitude of oscillation was small
and constant. [4] undertook forced oscillation experiments to
identify the wake patterns with a range of amplitudes and a series
of frequencies at Re=300 to 1000. They found a series of syn-
chronization regions and the wake patterns in the regions were
identiﬁed as 2S, 2P, P+S mode. [5] experimentally studied water
ﬂow past an elastically mounted circular cylinder (freely oscillat-
ing cylinder) and they observed the response behaviour is fairly
similar to the forced oscillation experiments.
More recently, [6,7] performed controlled oscillation exper-
iments at Re=2300, 4100 and 9100 with various amplitude ratios.
They deﬁned a transition state (2P mode equivalent to the upper-
branch of the freely oscillating cylinder) between two distinctly
different wake states, the low frequency wake state (2P mode
equivalent to the lower-branch of the freely oscillating cylin-
der) and high frequency wake state (2S mode equivalent to the
initial-branch of the freely oscillating cylinder), as the excitation
frequency passes through the natural frequency. They clearly
showed that the transition state is also characterized by phase
and lift jump together with wake mode and suggested that there
are strong similarities in the wake structures between controlled
oscillating and freely oscillating cylinder case.
Several recent numerical studies of the timing of vortex for-
mation from forced oscillating cylinder have been performed. [8]
numerically examined the forced oscillation problem at Re=185,
500 and 1000 and they used a ﬁnite difference method to sim-
ulate 2-D ﬂow. They showed good agreements with the vortex
switching phenomenon observed in the experiment at Re=185
by [3]. [9] performed 2-D simulation of in-line and cross-ﬂow
oscillating cylinder at Re=185, and found good agreements with
numerical [8] and experimental [3] results. [10] performed 2-
D direct numerical simulation (DNS) of controlled oscillating
cylinder and validated that a change of the lift force on the os-
cillating cylinder was associated with a change in the timing of
vortex. Recently, [11] conducted a 3-D DNS simulation of an
oscillating circular cylinder at a high Reynolds number of 10000
and a moderate amplitude of oscillation. The drag and lift co-
efﬁcient of the forced oscillation were predicted reasonably well
compared with experimental data. However, the vortex struc-
tures in the wake were not presented at Re=10000. The 3-D ef-
fect on spanwise extension was investigated by [12] at various
Reynolds numbers and their 3-D Large Eddy Simulation (LES)
study stressed the importance of the proper spanwise extension
required to predict accurately the ﬂow around a circular cylin-
der. They suggested that pD as the minimum spanwise length
is enough to capture the main wake parameters at high Reynolds
number. [13] performed extensive 2-D LES of forced oscillating
cylinder with a range of modulated excitation frequencies from
Re=500 to 6000 and found good agreements with experimental
results of wake modes. Recently,
The objective of the present study is to numerically ex-
amine the phenomenon of vortex switching from an oscillat-
ing circular cylinder observed in the experiments by [3, 7] at
high Reynolds number. The inﬂuence of this vortex switching
on time-dependent forces acting on the cylinder and changes in
wake mode are examined. Comparisons with available experi-
mental data are carried out.
COMPUTATIONAL MODEL AND PARAMETER
The incompressible 3-D turbulent ﬂow past a circular cylin-
der is modelled in the frame of the Large Eddy Simulation (LES)
approach using the time-dependent ﬁltered Navier-Stokes equa-
tions.
The 3-D solution domain is shown in Figure 1. The cylinder
axis is aligned with the spanwise direction (z) and the x-axis is
along the stream-wise direction. The y-axis is cross-ﬂow direc-
tion and orthogonal to the cylinder axis. A body-ﬁtted and O-
type structured grid is generated for this study. The hexahedral
grid in the x-y plane is exponentially stretched in the radial direc-
tion (r) and is uniformly spaced in the circumferential direction
(q). The grid size is expressed as rq z with outer bound-
ary 15 cylinder diameters (D) from cylinder center and spanwise
length is pD for all cases. Uniform ﬂow U is imposed at the in-
ﬂow without the disturbance level. The Neumann conditions are
imposedattheoutletboundary. Periodicboundaryconditionsare
employed at the spanwise ends of the cylinder to treat the cylin-
der as an inﬁnitely long cylinder and to avoid the end wall effect.
FIGURE 1. Geometric and computational domain.
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 2013 by ASMEThe no-slip conditions are prescribed at the cylinder surface.
In the case of a cylinder oscillating transversely in a free
stream, the cylinder motion y(t) is given by the harmonic oscil-
lation:
y(t) = Asin(2p fet) (1)
with A and fe as the oscillating amplitude and excitation fre-
quency of oscillation respectively.
For modelling non-resolvable subgrid scales, the well
known Smagorinsky type model is employed to represent the
effects of the wake turbulence and all computations have been
done with a Smagorinsky constant of Cs=0.1. The Van Direst
damping formulation near cylinder wall is implemented and the
non-dimensional normal distance from the wall (y+) maintains
around 1:0 throughout all simulation time.
Finite volume open source code OpenFoam [14] is used to
evaluate the ﬂow ﬁeld. The governing equations are advanced
in time using a second order implicit backward scheme and the
spatial terms are discretised using the second-order central dif-
ferencing (CD). The pressure-velocity coupling is achieved by
the Pressure-Implicit with Splitting of Operators (PISO) algo-
rithm. The constant time step of DtU=D=0:002 is used to main-
tain numerical stability. The ﬂow data are gathered at least over
100U=D corresponding to approximately 21 vortex shedding cy-
cles to obtain converged ﬂow data.
APPLICATION AND RESULTS
The Fixed Cylinder
Thesimulationsofthe3-Dﬂowpastastationarycylinderare
presentedasabasisofcomparisonwithexperimentalresultsfora
completevalidation ofthe LESsimulation. The simulationswere
performed with different grid resolutions in the x-y plane and the
spanwise z-direction. Adequacy of the near wall resolution in
both planar and spanwise direction can be judged largely by the
accuracy of force and pressure coefﬁcients.
Table 1 summarizes the main wake parameters together with
available experimental data. The Strouhal number St = fKD=U
and the averaged drag coefﬁcient ¯ CD are generally in good agree-
ments with the experimental data for all grid resolutions. How-
ever, the root-mean-square (r.m.s) of the lift coefﬁcientC0
L shows
a higher sensitivity to the different grid resolutions. With the
low planar resolutions (case-A1, A2 and B1), C0
L generally lie
at the upper bound of the experimental data at Re=6100 [15].
On the other hand, with the high planar mesh (case-C1 and
D1) and the high spanwise mesh (case-B2), the statistic quantity
tends to decrease to the lower bound of the experimental data at
Re=5000 [15] and close to the empirical values at Re=5500 [15],
which is about mean value of the experimental data [15]. There-
fore, C0
L from the ﬁne resolutions are predicted within the range
TABLE 1. Main wake parameters of stationary cylinder
Case (rq z) St ¯ CD C0
L
A1 (16016064) 0.215 1.056 0.266
A2 (16016096) 0.215 1.082 0.309
B1 (18018064) 0.215 1.107 0.341
B2 (18018096) 0.215 1.048 0.243
C1 (20020064) 0.215 1.009 0.183
D1 (24024064) 0.215 1.042 0.233
Experimental data
Re=5500 [15] 0.206 - 0.217
Re=5000-6100 [15] 0.209 - 0.15-0.27
Re=5500 [16] - 1.05-1.10
of experimentally measured values between Re=5000 and 6100,
but somewhat higher than the value expected by empirical for-
mula suggested by [15] at Re=5500. The small difference in
r.m.s of ﬂuctuating lift coefﬁcient between experiment and sim-
ulation might be attributed to several inﬂuencing factors such as
the free-stream turbulence level and the aspect ratio of the cylin-
der [17]. This study has allowed to determine a minimum grid
size to obtain acceptable results and the best results compared to
experiments are archived by case-B2 and case-D1. Considering
computation time in LES simulation, the mesh of 18018096
(case-B2) is chosen for use in the next part of the present study.
Figure 2 shows the force coefﬁcients for case-B2. The time
FIGURE 2. Time history of drag and lift coefﬁcient (case-B2).
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 2013 by ASMEFIGURE 3. Mean pressure coefﬁcient distribution (case-B2).
traces present the behaviour of the drag and lift coefﬁcients with
irregular amplitudes over time.
In Figure 3 the mean pressure distribution on the cylinder
surface (case-B2) is examined and compared to reference ex-
perimental data at various Reynolds numbers as there are no
available experimental data at Re 5500. The angle (q) was
measured clockwise from the stagnation point. It shows over-
all agreement and well bounded with experiment results at upper
and lower Reynolds numbers. Overall, Case-B2 seems to rea-
sonably capture the mean pressure coefﬁcient along the cylinder
surface. After the point where the slope of the Cp curve changes
( 71), the behaviour of the pressure coefﬁcient is similar to
the curve at Re=3900 when compared to those at Re=3000 and
8000. The base pressure coefﬁcient CPb =-0.93 obtained from
case-B2 shows a fairly good agreement with the measured value
of CPb -0.95 [18]. These good agreements of the ﬂuid forces
and pressure on the stationary cylinder as shown in this section
indicate that case-B2 with Smagorinsky type model should pro-
vide sufﬁciently converged solutions when the body is forced to
oscillate as well.
The representative ﬂow features at Re=5500 are shown in
Figure 4 and Figure 5. Figure 4 shows a well deﬁned large-scale
vortex formed from the lower side of the cylinder. In the present
study the length scale L=D for starting of the wake vortex is pre-
dicted as 1.06 and the length scale is slightly shorten than the
experimental data (L/D 1:26) at Re=4800 [19]. Considering
the fact that the formation length of wake is relatively long at
Re4000 and the length is severely shortened at Re=10000 [20],
it seems that the length scale reasonably captures in the present
LES study. The small-scale concentration of vorticity is shown
embedded within the shear layers in close view as well. The
simulation result shows that the shear layer vortices is not fully
FIGURE 4. Instantaneous vorticity ﬁelds in x-y plane (case-B2):
large-scale vortex and shear layer vortices in separated shear layers.
FIGURE 5. Instantaneous vorticity ﬁelds at x=D = 0:625 in y-z plane
(case-B2): pairs of streamwise vortices in separated shear layers.
converged at Re=5500.
Figure 5 clearly shows repetitive streamwise vortices along
spanwise direction in the separated shear layers prior to the for-
mation of the large-scale vortex. These streamwise vortices are
known to be superimposed on the spanwise shear layer vortices
but no clear capture of the coalesce within the thin layers is pre-
dicted for the present study.
The Oscillating Cylinder
In this section, the turbulent ﬂow past an oscillating circular
cylinder in the cross-stream direction at Re=5500 is numerically
examined to study the inﬂuence of the oscillating cylinder on
the forces and the fundamental features of near wakes when the
vortex switching occurs. Five different calculations were per-
formed: ﬁve frequency ratios fe=fK=0.75, 0.80, 0.85, 0.90 and
0.95 with a constant amplitude ratio A=D=0.50. The terms A
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 2013 by ASME(a) fe=fK=0.80
(b) fe=fK=0.85
FIGURE 6. Time history of the force coefﬁcients and the cylinder
displacement at Re=5500 and A=D=0.5.
and fe were deﬁned after equation (9) while fK represents the
K´ arm´ an frequency of the wake from a stationary cylinder. The
parameters of the frequency ratios are based on the observations
of [3] at Re=5000 with the goal of reproducing a close approx-
imation of the experimental results measured by [3] and [7] at
high Reynolds number.
Figure 6 shows the force coefﬁcients and the cylinder dis-
placement y(t) for the frequency ratio fe=fK=0.80 and 0.85. At
lower value of fe=fK=0.80, lift coefﬁcient has small amplitude
values of about 0.3 and time history of lift coefﬁcient is approx-
imately out-of-phase with the cylinder displacement. As fe=fK
increases to 0.85 lift coefﬁcient exhibits regular harmonic sign
with a large amplitude of about 1.3 and the phase between lift
and cylinder oscillation is approximately in-phase.
[7] clearly deﬁned that these variations of the phase and
amplitude of the lift coefﬁcient represent a transition from a low-
(a) Low-frequecy state at fe=fK=0.80; 8j w j D=U 30, z=D=2.6.
(b) High-frequency state at fe=fK=0.85; 6j w j D=U 30, z=D=2.6.
(c) High-frequency state at fe=fK=0.90; 6j w j D=U 30, z=D=2.6.
FIGURE 7. Instantaneous vorticity magnitude at Re=5500 and
A=D=0.5; The location of the cylinders is at its extreme upper position
of the cylinder displacement for all cases.
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 2013 by ASMEfrequency state to a high-frequency state with the corresponding
the change of near wake structures and mode of shedding. The
instantaneous vorticity ﬁelds in Figure 7 show two distinctly dif-
ferent near wake structures at the low and high-frequency state.
The position of the cylinders is at the top of the cylinder oscil-
lation and at z=D=2.6 in spanwise direction for all cases. Figure
7(a) is representative of the near wake structure at fe=fK=0.80
before transition while the amplitude of CL is small and approx-
imately out-of-phase with the cylinder oscillation. At this low-
frequencystate, thevortexstructureoftheuppersideofthecylin-
der is formed from the attached shear layer and the length of the
structure extends across the back of the cylinder. As fe=fK in-
creases from 0.80 to 0.85 in high-frequency state, the initially
elongated vortex structure attached the upper side of the cylinder
moves closer to the cylinder base and reaches the limiting posi-
tion while the amplitude ofCL becomes large and approximately
(a) Low-frequecy state at fe=fK=0.80 showing the 2P mode of shedding.
(b) High-frequency state at fe=fK=0.85 showing the 2S mode of shedding.
FIGURE 8. Phase averaged vorticity wz ﬁelds at Re=5500 and
A=D=0.5; The location of the cylinders is at its extreme upper position
of the cylinder displacement for all cases.
in-phasewiththecylinderoscillationatthishigh-frequencystate.
Whilst the upper vortex structure has rolled up tightly behind
the cylinder, the streamwise length of the vortex structure of the
lower side of the cylinder starts to extended to streamwise direc-
tion as fe=fK increases to 0.90. This vortex switching process is
consistent with the experimental observation of [3].
The wakes of vortex shedding at low and high-frequency
state generate signiﬁcantly different modes downstream of the
cylinder. Figure 8 shows the wake modes for low and high-
frequency states. In Figure 8(a) the portion of vorticity at the end
of upper negative shear layer is separated and forms a counter ro-
tating pair with previously shed positive vorticity, which is com-
(a) ¯ CD and C0
L
(b) The mean pressure coefﬁcient variation.
FIGURE 9. Time-averaged values of force and pressure coefﬁcient as
a function of fe=fK at Re=5500 and A=D=0.5.
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 2013 by ASMEmonly described as the 2P mode of shedding [4]. Figure 8(b)
shows a single positive vortex is shed and separated, which is
correspond to the 2S mode of shedding [4]. The present numer-
ical study clearly shows that the average vorticity ﬁelds for the
low and high-frequency correspond to the 2P and 2S mode of
shedding respectively, and the numerical results are well consis-
tent with recent experimental results measured by [7].
The time-average drag and r.m.s lift coefﬁcients are shown
in Figure 9(a) as a function of frequency ratios. The peak
of the coefﬁcients are in the range 0.80 fe=fK 0.90. The
r.m.s. values of the lift coefﬁcients do not vary signiﬁcantly
until fe=fK=0.80 and show a sharp jump as fe=fK goes from
0.80 to 0.85. As fe=fK increases further, C0
L gradually changes.
The sharp jump of the lift force has been observed in previ-
ous experimental studies. In the present numerical study, the
phase jump of C0
L occurs at 0.80< fe=fK <0.85 at Re=5500 and
A=D=0.5, whereas experimentally [3], the vortex switching pro-
cess involving the phase jump of the ﬂuctuating lift was observed
at 0.85< fe=fK <0.90 at Re=5000 and relatively low amplitude
ratio A=D=0.2. ¯ CD does not vary strongly throughout transition
and shows very similar magnitude either side of transition. Fig-
ure 9(b) shows the base pressure coefﬁcient when the location
of the cylinder is at its maximum positive position. The base
pressure variation is seen to drop sharply between fe=fK=0.80
and 0.85 where vortex switching occurs, and gradually increase
again.
CONCLUSIONS
The present study summarizes numerical results of three-
dimensional large eddy simulations of the turbulent ﬂow past
a circular cylinder at Re=5500. Two conﬁgurations are inves-
tigated: a stationary cylinder and forced oscillating cylinder in
cross-ﬂow direction. The main wake parameters of a stationary
cylinder are examined for the primary purpose of justifying the
grid resolution. A comparison between the calculated and ex-
perimental results indicates that the ﬂow quantities are correctly
predicted, and small-scale vortices in the separated shear layers
are numerically captured as well. The LES results for a station-
ary cylinder case generally agree well with experimental data.
The phenomenon of the vortex switching observed in the
experiment at high Reynolds number is numerically reproduced
at Re=5500. The instantaneous structures of the near wake of
a cylinder subjected to forced oscillation is examined and the
change of vortex structures is numerically observed at 0.80 <
fe=fK < 0.85. It is consistent with sharp changes in lift and base
pressure coefﬁcient. Therefore, this numerical study shows that
the transition from low-frequency state to high-frequency state
occurs at 0.80 < fe=fK < 0.85. Moreover, the phase averaged
vorticity ﬁelds clearly show the different wake modes either side
of the transition, 2P and 2S mode of shedding. These numerical
results are well consistent with the experimental results observed
by [3,7].
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